Orientia tsutsugamushi, the cause of scrub typhus, is a major pathogen in the Asia-Pacific region. The severity of infection ranges from mild features to multiorgan failure and death. The aim of this prospective study was to define the O. tsutsugamushi loads in the blood samples of patients with scrub typhus on the day of hospital admission and to determine whether this was associated with disease severity. Quantitation was performed using a real-time PCR Orientia tsutsugamushi, the cause of scrub typhus, is a major pathogen in the Asia-Pacific region, where it accounts for up to 23% of all febrile episodes (4). Infection commonly presents as an acute febrile illness 7 to 10 days after the bite of an infected larval trombiculid mite (chigger). The major presenting features are fever, severe headache, and myalgia. Other signs and symptoms include rash, lymphadenopathy, hepatosplenomegaly, cough, sore throat, abdominal pain, and central nervous system involvement. The severity of infection ranges from mild features to multiorgan failure and death, which occurs for around 4% of patients presenting to a hospital (10, 21). Severity of illness has been reported to show geographical variability (10), although the basis for this is unknown and has multiple explanations, including differences in host genetic susceptibility or response to infection and variability in the virulence of the organism. A relationship between magnitude of bacteremia and severity of clinical picture has been reported for a range of bacterial infections in both adults and children, based on quantitative bacterial culture (25) and, more recently, molecular techniques (5, 8). A previous study reported the O. tsutsugamushi DNA loads in 7 patients with scrub typhus, as defined by quantitative real-time PCR targeting a gene encoding a 47-kDa protein (20). This ranged from 1,076 to 28,812 DNA copies/l in blood, but clinical features and outcomes were not described (20).
Orientia tsutsugamushi, the cause of scrub typhus, is a major pathogen in the Asia-Pacific region, where it accounts for up to 23% of all febrile episodes (4) . Infection commonly presents as an acute febrile illness 7 to 10 days after the bite of an infected larval trombiculid mite (chigger). The major presenting features are fever, severe headache, and myalgia. Other signs and symptoms include rash, lymphadenopathy, hepatosplenomegaly, cough, sore throat, abdominal pain, and central nervous system involvement. The severity of infection ranges from mild features to multiorgan failure and death, which occurs for around 4% of patients presenting to a hospital (10, 21) . Severity of illness has been reported to show geographical variability (10) , although the basis for this is unknown and has multiple explanations, including differences in host genetic susceptibility or response to infection and variability in the virulence of the organism. A relationship between magnitude of bacteremia and severity of clinical picture has been reported for a range of bacterial infections in both adults and children, based on quantitative bacterial culture (25) and, more recently, molecular techniques (5, 8) . A previous study reported the O. tsutsugamushi DNA loads in 7 patients with scrub typhus, as defined by quantitative real-time PCR targeting a gene encoding a 47-kDa protein (20) . This ranged from 1,076 to 28,812 DNA copies/l in blood, but clinical features and outcomes were not described (20) .
The aim of this study was to define the O. tsutsugamushi loads in blood samples taken on the day of hospital admission from a large, unselected population of patients with scrub typhus in northeast Thailand and to compare this with disease severity.
MATERIALS AND METHODS
Patients with scrub typhus were identified during a prospective study of acute febrile illness in Udon Thani hospital, northeast Thailand, between October 2000 and December 2001, as described previously (21) . In brief, the inclusion criteria were an age of Ն15 years, the presence of a fever (Ͼ37.8°C) of unknown cause, and agreements to participate and to attend an outpatient follow-up for a convalescent-phase serum sample at 2 weeks. The exclusion criterion was a blood smear positive for malaria parasites or the presence of other definable infections, such as pneumonia or urinary tract infection. Blood was drawn on admission for aerobic blood culture, serological testing, and molecular diagnostics. The duration of symptoms prior to admission, antibiotic treatment at presentation, and clinical features, including the presence of an eschar, the results of laboratory tests, and in-hospital outcome (survival or death), were recorded using a standardized data collection form. Paired sera were tested using the indirect immunofluorescence antibody (IFA) test (3) . EDTA samples were evaluated by PCR when the IFA titer of immunoglobulin M against O. tsutsugamushi showed a fourfold or greater rise between paired samples or a single titer of Ն1:400. A total of 156 patients were positive by serological criteria; one EDTA sample was not available, and so, 155 samples were evaluated by real-time PCR. The study was approved by the Ethical Review Subcommittee of the Ministry of Public Health, Thailand.
DNA from laboratory cultures of O. tsutsugamushi was extracted using a Wizard SV Genomic DNA purification kit (Promega). A plasmid standard was constructed by cloning a 221-bp 16S ribosomal DNA fragment amplified from O. tsutsugamushi strain Kato genomic DNA into pGEMT easy Vector Systems (Promega). The fragment was amplified using primers OT1F and OT1R (21) . The purified DNA fragment was ligated and transformed into Escherichia coli (DH5␣), as described by the manufacturer. The presence of the cloned DNA fragment in plasmid pG16S was verified by sequencing. Plasmid was linearized with PstI, and DNA concentrations were determined using a Quant-it DNA assay kit with high sensitivity (Molecular Probes) and a Rotor-Gene 3000 (Corbett Research, Australia) in the DNA concentration measurement mode.
DNA was extracted from admission EDTA samples as previously described (21) and maintained at Ϫ80°C prior to use. A quantitative real-time PCR assay was developed based on the 16S rRNA gene of O. tsutsugamushi strain Kato. Dual-labeled probe (TaqMan) and primers were designed and modified using Primer3 software (17) . 4 to 0.042 copies/l reaction mixture were used to perform a standard curve. Real-time PCR was performed using the Rotor-Gene 3000. The cycling conditions were 95°C for 10 min (1 cycle), followed by 45 cycles at 95°C for 10 s and 58°C for 45 s.
A standard curve was constructed by plotting the logarithmic values of a known number of plasmid pG16S copies versus the cycle threshold value. The standard curve determined using plasmid DNA revealed a linear assay over 6 orders of magnitude (4 ϫ 10 4 to 0.04 copies/l). The lower limit of detection was 0.04 DNA copies/l. Clinical DNA samples were evaluated and the copy number was calculated based on the standard curve. Intra-and interassay analyses were performed to define the reproducibility of the assays. Intra-assay variability was determined for five replicate values within each run. Interassay variability was calculated from mean values for samples run in five separate assays run on different days, using freshly prepared standard DNA. The mean (range) coefficient of variation values for intra-assay and interassay variation were 1.18% (1.0 to 1.2%) and 4.1% (3.0 to 7.3%), respectively. Assay specificity was assessed by testing with DNA extracted from laboratory cultures of Rickettsia typhi, Rickettsia conorii, and Leptospira interrogans serovar Autumnalis (the last being selected because leptospirosis is a common cause of febrile illness in northeast Thailand and presents with clinical features that are similar to those of scrub typhus), together with DNA extracted from EDTA blood samples from 60 patients randomly selected from the febrile illness study who had alternative diagnoses and did not have scrub typhus based on the IFA test. An initial nonparametric analysis comparing the quantitative PCR results was performed on all 155 patients with scrub typhus, using Spearman's rho for analysis of continuous variables and the Kruskal-Wallis test for analysis of nominal outcome variables. A further parametric analysis was carried out on the 81 patients with detectable quantitative PCR levels. Continuous variables were transformed toward normality, and Pearson's correlation and Student's t test were used as appropriate. Associations between groups were divided according to bacterial load, and clinical characteristics and outcomes were analyzed using Fisher's exact test and the Kruskal-Wallis test as appropriate. All analyses were carried out using Stata/SE 10.0 (StataCorp LP, College Station, TX).
RESULTS
A total of 155 patients with a confirmed diagnosis of scrub typhus had a median (interquartile range [IQR] , range) O. tsutsugamushi DNA load in blood of 13 (0 to 334, 0 to 310,253) copies/ml. This included 74 patients who had undetectable bacterial loads. Assay specificity was high, with no signal detected in DNA samples extracted from the blood samples of 60 patients with negative IFA test results or from DNA extracted from laboratory cultures of R. typhi, R. conorii, or L. interrogans (data not shown).
A nonparametric analysis comparing the quantitative PCR results with clinical features and outcomes for all 155 patients is shown in Table 1 . Duration of illness, presence of eschar, and all three hepatic enzymes were positively correlated with bacterial load (Table 1) . A second analysis was performed on the 81 patients (52%) who had positive quantitative real-time PCR results. The median (IQR) O. tsutsugamushi load in blood for these 81 patients was 284 (124 to 943) DNA copies/ ml, with a minimum detectable level of 5 copies/ml, as shown in Fig. 1 . Patients were divided into three groups according to bacterial load: Ͻ100 DNA copies/ml (n ϭ 18), 100 to 1,000 DNA copies/ml (n ϭ 44), and Ͼ1,000 DNA copies/ml (n ϭ 19). A comparison of the clinical features and outcomes for the three groups is shown in Table 2 . Factors correlated with bacterial concentration included serum bicarbonate, serum creatinine, bilirubin, hepatic enzyme levels, and APACHE II score (Table 2) . Patients who died had significantly higher bacterial loads than those who survived (mean [standard deviation] values: 17,154 [12.7] versus 281 [5.2] copies/ml; P Ͻ 0.001). This result should be regarded as a strong trend, as a nonparametric analysis performed on all 155 patients (including all those with undetectable bacterial loads) was not statistically significant; it is unsurprising, with only three deaths overall, that this association is not statistically robust.
DISCUSSION
This is the first report of a positive association between O. tsutsugamushi load in admission blood and disease severity in patients with scrub typhus. The bacterial loads in 81 patients ranged between 100 and 1,000 DNA copies/ml in just over half of this group, with approximately one-quarter each having fewer than 100 or more than 1,000 DNA copies/ml. The finding that 74 patients had no detectable O. tsutsugamushi in blood is consistent with a previous study that reported a diagnostic sensitivity for scrub typhus of 44.8% for a 16S rRNA PCR assay (21) . Variation in bacterial load could relate to efficiency in host immune response. O. tsutsugamushi is an obligate intracellular pathogen, and the ability to mount an effective host cellular immune response is likely to be crucial for the control of infection but may be variable within the population. The A phylogenetic analysis of 23 O. tsutsugamushi isolates cultured from patients with scrub typhus presenting to our study site in Udon Thani (n ϭ 19) or in Tak province, northwest Thailand (n ϭ 4), demonstrated that the majority had genotypes related to the Karp-type strain (74%), a lower proportion were related to the Gilliam-type strain (21%), and the remainder clustered with other strains identified previously in Thailand (2) . If these results are representative of the larger population, they suggest that the majority of strains infecting our patient group were probably related to a single serotype (Karp), but this does not preclude the possibility of significant variation in genomic content involving genes involved in hostpathogen interactions. The whole-genome sequence of O. tsutsugamushi strain Ikeda (Gilliam serotype) has revealed features that are consistent with a highly plastic genome, including the presence of a large number of foreign genes (15) . It is plausible, therefore, that there is considerable variability in genomic content even within a given serotype and that this is associated with variable disease severity in humans. Finally, it is possible that differences in load in the host could relate to the chigger. The main vectors of disease in Thailand are reported to be Leptotrombidium imphalum and Leptotrombidium deliense, with a third species (Leptotrombidium chiangraiensis) having been identified in Chiang Rai, northern Thailand (13) . Individual chiggers can be infected by more than one strain of O. tsutsugamushi (18) , and it is not clear whether disease in humans differs following a bite from a chigger positive for a single versus multiple strains of O. tsutsugamushi. It is not clear whether the sizes of the infecting inocula vary between the different vector species. During experimental human infection, two volunteers bitten by Leptotrombidium fletcheri developed more-severe clinical disease than two volunteers bitten by Leptotrombidium arenicola (19) . Similarly, mice experimentally infected with tissue suspensions prepared from L. arenicola-infected mice showed higher mortality rates and longer durations of illness than mice infected with tissue suspensions prepared from L. fletcheri-infected mice (18) . Although these studies had mite-related differences, there were several other variables in these assays, including the possibility of a nonidentical O. tsutsugamushi population present in the different Leptotrombidium species. The presence of an eschar was associated with bacterial load in blood in our study, and we speculate as to whether there is a link between the development of an eschar and the size of initial inoculum or between the presence of an eschar and the virulence potential of the infecting strain. Our quantitative findings contrast with those of a previous report of seven patients with scrub typhus in which the numbers of DNA copies (originally reported in copies/l but converted here to copies/ml) ranged from 1.0 ϫ 10 6 to 2.88 ϫ 10 7 /ml (20) . These patients were from Chiang Rai and represented a subset of 126 patients with laboratory-confirmed scrub typhus, recruited into a treatment trial published in the year 2000 (24) . The basis for the selection of the seven patients was that they had previously been positive by real-time PCR, and it is possible that they were not representative of the larger group from which they were drawn (20) . It is also possible that the ethnicities of these seven patients differed from those of the patients in our study, since the Chiang Rai population in the north includes hill tribe ethnic groups, whereas our study population in northeast Thailand was predominantly Thai. It is also possible that the infecting strains were genetically different. The majority of our patient group would be predicted to have been infected with strains related to the Karp or Gilliam serotype (2) . A study of O. tsutsugamushi strains isolated from patients in Vientiane, Laos, on the opposite side of the Mekong river from Udon Thani reported a comparable pattern of genotypes (16) . Although the O. tsutsugamushi strains circulating in Chiang Rai may be similar to those found in Thailand and Laos, it is also conceivable that they differ. This would be consistent with a report that strains of O. tsutsugamushi in Chiang Rai are more antibiotic resistant than those elsewhere in Thailand (23) .
O. tsutsugamushi becomes disseminated in the human host during scrub typhus. In fatal cases, postmortem histopathological examination has demonstrated bacteria in endothelial cells of the heart, lung, brain, kidney, pancreas, and skin, within cardiac muscle cells, and in macrophages located in the liver and spleen (14) . The three patients who died from multiorgan failure in our study had higher bacterial loads in admission blood than survivors. A link between bacterial load and disease severity was also suggested by the positive association with APACHE II score. Other prominent findings were associations between bacterial load and liver and kidney function.
Scrub typhus is well documented in the literature as a cause of hepatic dysfunction (1, 6, 7, 9, 12, 22, 26) . Renal impairment together with rare cases of renal failure is also recognized to occur during scrub typhus (27) , and an elevated creatinine level has been reported to be an independent predictor of mortality (22) . Histopathological examination of liver and kidney tissues from individuals with organ impairment during scrub typhus has demonstrated cellular damage that appears to be directly related to cellular invasion by O. tsutsugamushi (11) .
In conclusion, scrub typhus is similar to many other bacterial infections in that bacterial burden in the host is related to disease severity. Further study is required to determine whether this is a function of the host, the infecting strain, or a combination of the two. 
